cell transplantation (allo-SCT). [1] [2] [3] [4] [5] [6] [7] [8] Several researchers have demonstrated the association of MRD after induction therapy and consolidation therapy with poor outcomes in AML patients. [4, [9] [10] [11] However, the therapies of cases enrolled in these studies are heterogeneous, including chemotherapy alone or chemotherapy plus allo-SCT. [4, [9] [10] [11] [12] [13] Furthermore, the negative effects of MRD pre-and/or post-transplantation on outcomes were also demonstrated in a number of studies. [8, [14] [15] [16] [17] In a cohort of 279 patients with AML, Zhou et al. [14] found that all patients with increased MRD levels over the peri-SCT period (n = 7) died of relapse with a median time of 125 (range: 43-836) days following transplantation. However, the effects of induction therapy or consolidation therapy on transplant outcomes were not demonstrated in these studies. Another limitation of above-mentioned studies is that they all focus on human leukocyte antigen (HLA)-matched sibling donor transplantation (MSDT) and unrelated donor transplantation.
More recently, the association of pre-and post-transplantation MRD with outcomes in haploidentical SCT (haplo-SCT) was confirmed by our groups. [8, 18] We found that pretransplantation MRD was associated with cumulative incidence of relapse (CIR) in patients who underwent MSDT but not those receiving haploidentical allografts. [8, 18] Unfortunately, the effects of MRD after the first and second courses of chemotherapy on haplo-SCT outcomes remain unclear. [19] Therefore, in this retrospective study including 145 cases in complete remission (CR) pretransplantation who treated with either haplo-SCT or MSDT, we investigated the dynamics of MRD detected by MFC from the first course of chemotherapy to pretransplantation to evaluate the correlation of MRD with clinical outcomes. Subgroup analysis was also performed to explore whether there were any differences in the association of MRD with outcomes of patients receiving either haplo-SCT or MSDT at different timepoints before transplantation.
methoDs

Ethical approval
The Institutional Review Board (IRB) of Peking University People's Hospital approved the protocol, and all patients or their guardians signed consent forms approved by the IRB.
Patients enrollment
Between June 2013 and June 2016, 145 consecutive patients diagnosed with AML undergoing allogeneic hematopoietic SCT (allo-HSCT) at the Peking University People's Hospital, Institute of Hematology, were enrolled. All patients were at CR status pre-HSCT. The patients' data were updated until January 31, 2018.
Transplant protocols
Transplant were performed following previously reported protocols. [20] For donor selection, a matched sibling donor was the first option, a suitable, closely HLA-matched unrelated donor, specifically with more than 8 of 10 matching HLA-A, HLA-B, HLA-C, HLA-DR, HLA-DQ loci and 5 of 6 or 6 of 6 matching HLA-A, HLA-B, HLA-DR loci, was the second choice. Haplo-SCT was performed if a matched sibling donor or a suitable HLA-matched unrelated donor was unavailable or if there was insufficient time for an unrelated donor search due to disease status. [20, 21] All patients in this study received myeloablative conditioning regimens. The conditioning therapy for patients undergoing haploidentical or unrelated HSCT was as previously reported. [20, 22, 23] 
Definitions and assessments
Engraftment was defined as the absolute neutrophil count (ANC) exceeded 0.5 × 10 9 /L on three consecutive posttransplantation days, or the absolute platelet count exceeded 20,000/ml on 7 consecutive posttransplantation days without platelet transfusion. The criteria for grading acute graft-versus-host disease (GVHD) and chronic GVHD (cGVHD) were as previously published. [24, 25] CR was defined as hematological CR, that is, <5% bone marrow blasts, the absence of blasts in peripheral blood, the absence of extramedullary disease, an ANC >1.0 × 10 9 /L, and a platelet count >100 × 10 9 /L with no red cell transfusions. Relapse was defined by morphologic evidence of disease in the peripheral blood, marrow, or extramedullary sites. Chimerism was evaluated in recipient peripheral blood cells by fluorescence in situ hybridization. When the patient and donor were of the same sex, chimerism was assessed using polymerase chain reaction-based analyses of polymorphic minisatellite or microsatellite regions (short tandem repeats).
Sample preparation
Bone marrow (BM) samples from patients were obtained at diagnosis, after the first course of chemotherapy, after the second course of chemotherapy, and before allo-HSCT. Follow-up samples were obtained at 1, 2, 3, 4.5, 6, 9, 12, 18, and 24 months post-allo-HSCT and once a year thereafter. All samples were analyzed for MFC within 4 h of sampling in the MFC laboratory of Peking University People's Hospital, Institute of Hematology.
Multicolor flow cytometry detection of minimal residual disease
Eight-color MFC was performed in all patients as a routine clinical test on BM samples that were obtained as part of baseline assessment at the time of diagnosis, the end of the first and second courses of chemotherapy, as well as pre-HSCT. [8, 18] A panel of eight antibody combinations that recognize CD7, CD11b, CD13, CD14, CD16, CD19, CD33, CD34, CD38, CD41, CD45, CD56, CD61, CD64, CD71, CD117, CD123, and HLA-DR was used for MRD detection, and 0.2-1 million events per tube were acquired on a Fluorescence activated cell sorter (FACS Canto II) (BD Co., USA). The isotype control monoclonal antibodies were used. Positive MRD was considered when a cluster of more than 25 cells with leukemia-associated immunophenotype (LAIP) and side scatter (SSC) characteristics identified in all plots of interest and carrying at least two LAIP markers identified at diagnosis was observed. For those without LAIP markers at diagnosis, MRD was identified as a cell population showing deviation from the normal patterns of antigen expression seen on specific cell lineages at specific stages of maturation compared with either normal or regenerating marrow. A lower limit of detection (LOD) of 0.01% was targeted. Any measurable level of MRD was considered positive. The standardized assays and quality controls were performed according to previous reports. The significant level of MRD was set up by choosing a logarithmic scale that correlates with survival estimates and CIR as described previously [8, 18] as a percentage of the total CD45+ white cell events.
Donor lymphocyte infusion
The modified donor lymphocyte infusion (mDLI) regimen consisted of granulocyte colony-stimulating factor-primed peripheral blood stem cells, instead of harvested nonprimed donor lymphocytes, and short-term immunosuppressive agents. [26] mDLI was administered to 31 patients post-allo-HSCT. Prophylactic DLI was administered to 2 patients between day 28 and day 60 posttransplant.
Statistical analysis
The primary endpoint studied was relapse rate, and the secondary endpoint was survival. The event for overall survival (OS) was death (regardless of the cause). The events for leukemia-free survival (LFS) included death in CR or relapse.
Differences in categorical variables between two groups were evaluated by the Chi-square test or Fisher's exact test. Continuous variables were compared using a nonparametric test. The associations between MRD status and clinical outcomes were analyzed by the Kaplan-Meier method or calculated using cumulative incidence curves to accommodate competing risks. Differences in relapse, LFS, and OS between groups were calculated using the log-rank test. A two-sided P ≤ 0.05 was regarded as significant. Multivariate Cox regression analysis was applied to test the independence of relapse-predicting factors. Statistical analyses were performed using IBM SPSS 22.0 statistical software (IBM SPSS Statistics, IBM Co., USA). R software (http://www.Rproject.org) was used to calculate the cumulative incidence considering the presence of competing risk.
results
Patient characteristics and transplant outcomes
One hundred and forty-five patients were included in this study. All patients had <5% bone marrow blasts and met the morphological criteria for a leukemia-free state and CR before transplantation. Table 1 summarizes the characteristics of these patients. There were 17 pediatric patients (age ≤16 years) and 128 adults (age ≥17 years). A total of 31 patients received DLI, which was given for relapse prophylaxis (n = 2), intervention (n = 15), or treatment (n = 14). The median dose of infused mononuclear cells was 7.65 (2.7.00-10.46) ×10 8 /kg. All patients achieved sustained, full-donor chimerism posttransplantation. The cumulative, 100-day incidence of acute GVHD Grades II-IV was 34.3 ± 4.2%. The cumulative incidence of acute GVHD Grades III-IV was 10.9 ± 3.5%. The cumulative incidence of severe cGVHD was 12.5 ± 3.4%. After a median follow-up of 907 days (range, 257-1442 days) for live cases, the 4-year cumulative incidences of nonrelapse mortality (NRM) and relapse were 8.2 ± 2.8% and 21.3 ± 5.6%, respectively. The 4-year probabilities of LFS and OS were 70.5 ± 8.2% and 78.6 ± 9.0%, respectively [ Table 2 ]. 
Impact of minimal residual disease status after the first course of chemotherapy on outcomes in patients receiving hematopoietic stem cell transplantation versus matched sibling donor transplantation
As described in the MFC detection of MRD part, a lower LOD of 0.01% was targeted, and any measurable level of MRD was considered positive. Patients were classified into four groups according to their MRD status after the first course of chemotherapy and donor type: (1) patients undergoing MSDT with positive MRD after the first course of chemotherapy (n = 14), (2) patients undergoing MSDT without positive MRD after the first course of chemotherapy (n = 17), (3) patients undergoing haplo-SCT with positive MRD after the first course of chemotherapy (n = 48), and (4) patients undergoing haplo-SCT without positive MRD after the first course of chemotherapy (n = 66). The impact of MRD status on clinical outcomes was evaluated among the four groups.
The NRM, CIR, LFS, and OS of the four groups had no significant differences. However, analysis in the subgroups according to HLA compatibility showed contrasting results.
In MSDT settings, patients with positive MRD after the first course of chemotherapy had higher incidences of relapse (32.3 ± 9.7% vs. 7.7 ± 3.1%, P = 0.055, χ 2 = 3.661) and lower probabilities of survival (LFS: 67.7 ± 6.1% vs. 92.3 ± 9.8%, P = 0.046, χ 2 = 3.680; OS: 67.7 ± 6.1% vs. 92.3 ± 9.8%, P = 0.046, χ 2 = 3.680) than those without MRD [ Figure 1a -1c].
This MRD classification showed no prognostic significance in patients undergoing haplo-SCT. Patients with or without positive MRD after the first course of chemotherapy had comparable incidence of relapse (10.8 ± 5.7% vs. 11.5 ± 6.4%, P = 0.947, χ 2 = 0.001), NRM (16.3 ± 10.3% vs. 12.7 ± 9.7%, P = 0.948, χ 2 = 0.003), and similar probabilities of survival (LFS: 72.9 ± 6.6% vs. 75.8 ± 7.1%, P = 0.761, χ 2 = 0.092; OS: 81.3 ± 5.4% vs. 77.3 ± 5.5%, P = 0.641, χ 2 = 0.217) after receiving haplo-SCT.
Impact of minimal residual disease status after the second course of chemotherapy on outcomes in patients receiving haploidentical stem cell transplantation versus matched sibling donor transplantation
The impact of MRD status at the end of the second chemotherapy on outcomes was evaluated in all patients.
Patients were classified into four groups according to their MRD status after the second course of chemotherapy and donor type: (1) patients undergoing MSDT with positive MRD after the second course of chemotherapy (n = 7), (2) patients undergoing MSDT without positive MRD after the second course of chemotherapy (n = 24), (3) patients undergoing haplo-SCT with positive MRD after the second course of chemotherapy (n = 34), and (4) patients undergoing haplo-SCT without positive MRD after the second course of chemotherapy (n = 80).
In MSDT settings, patients with positive MRD after the second course of chemotherapy had higher incidences of relapse (57.1 ± 3.6% vs. 12.5 ± 2.7%, P = 0.003, χ 2 = 8.759) and lower probabilities of LFS (42.9 ± 6.3% vs. 87.5 ± 8.7%, P = 0.002, χ 2 = 9.803) and OS (42.9 ± 6.3% vs. 87.5 ± 8.7%, P = 0.002, χ 2 = 9.803) than those without MRD [ Figure 1d -1f].
However, in patients undergoing haplo-SCT, patients with or without positive MRD after the second course of chemotherapy had comparable incidences of relapse (29.4 ± 4.4% vs. 18.7 ± 4.6%, P = 0.241, χ 2 = 1.486) and NRM (11.8 ± 5.5% vs. 10.0 ± 3.7%, P = 0.801) and similar probabilities of LFS (58.8 ± 4.9% vs. 71.3 ± 7.8%, P = 0.611, χ 2 = 0.259) and OS (70.6 ± 4.5% vs. 82.5 ± 8.4%, P = 0.215, χ 2 = 1.541).
Impact of pretransplant minimal residual disease on outcomes in patients receiving haploidentical stem cell transplantation versus matched sibling donor transplantation
To explore the impact of pretransplant MRD on outcomes in patients receiving haplo-SCT and MSDT, patients were classified into four groups according to their MRD status pretransplantation and donor type: (1) patients undergoing MSDT with positive MRD pretransplantation (n = 8), (2) patients undergoing MSDT without positive MRD pretransplantation (n = 23), (3) patients undergoing haplo-SCT with positive MRD pretransplantation (n = 33), and (4) patients undergoing haplo-SCT without positive MRD pretransplantation (n = 81).
Data showed that in MSDT settings, patients with positive MRD pretransplant had higher CIR (50.0 ± 9.7% vs. 23.0 ± 3.2%, P = 0.028, χ 2 = 4.809), lower probabilities of LFS (50.0 ± 9.7 vs. 77.0 ± 4.7%, P = 0.019, χ 2 = 5.547), and OS (50.0 ± 9.7% vs. 77.0 ± 8.5%, P = 0.019, χ 2 = 5.805) than those without positive MRD pretransplantation [ Figure 2 ].
However, in patients undergoing haplo-HSCT, patients with and without positive MRD pretransplant had comparable incidence of relapse (27.9 ± 8.3% vs. 22.4 ± 4.9%, P = 0.362, χ 2 = 1.016), LFS (60.0 ± 5.7% vs. 67.1 ± 8.2%, P = 0.512, χ 2 = 0.429), OS (69.7 ± 8.9% vs. 81.7 ± 4.5%, P = 0.168, χ 2 = 1.903), and NRM (12.1 ± 5.7% vs. 10.5 ± 3.6%, P = 0.761, χ 2 = 0.104).
Impact of postinduction and pretransplant minimal residual disease dynamics on outcomes in patients receiving haploidentical stem cell transplantation versus matched sibling donor transplantation
Nineteen patients had persistent positive MRD from postinduction to pretransplant, while the remaining Patients with positive MRD after the first chemotherapy had higher CIR (32.3 ± 9.7% vs. 7.7 ± 3.1%, P = 0.055, χ 2 = 3.661) (a), lower LFS (67.7 ± 6.1% vs. 92.3 ± 9.8%, P = 0.046, χ 2 = 3.680) (b), and OS (67.7 ± 6.1% vs. 92.3 ± 9.8%, P = 0.046, χ 2 = 3.680) (c) than those without MRD. Patients with positive MRD after the second chemotherapy had higher CIR (57.1 ± 3.6% vs. 12.5 ± 2.7%, P = 0.003, χ 2 = 8.759) (d), lower LFS (42.9 ± 6.3% vs. 87.5 ± 8.7%, P = 0.002, χ 2 = 9.803) (e), and OS (42.9 ± 6.3% vs. 87.5 ± 8.7%, P = 0.002, χ 2 = 9.803) (f) than those without MRD. MRD: Minimal residual disease; MSDT: Matched sibling donor transplantation; CIR: Cumulative incidence of relapse; LFS: Leukemia-free survival; OS: Overall survival. Patients were classified into four groups: patients with (Group I, n = 6) or without (Group II, n = 25) persistent positive MRD from postinduction to pretransplant in MSDT settings, patients with (Group III, n = 13) or without (Group IV, n = 101) persistent positive MRD from postinduction to pretransplant in haplo-SCT settings.
Patients with persistent positive MRD undergoing MSDT (Group I, n = 6) had the highest incidence of relapse, followed by patients with persistent positive MRD undergoing haplo-SCT (Group III, n = 13), patients without persistent positive MRD undergoing haplo-SCT (Group IV, n = 101), and patients without persistent MRD undergoing MSDT (Group II, n = 25) (66.7 ± 9.2% vs. 38.5 ± 6.0% vs. 18.8 ± 8.7% vs. 12.0 ± 1.0%, P < 0.001, χ 2 = 20.763). Group I had the lowest probabilities of LFS and OS, followed by Groups III, IV, and II (LFS: 33.3 ± 9.2% vs. 46.2 ± 9.7% vs. 78.2 ± 6.0% vs. 88.0 ± 4.1%, P < 0.001, χ 2 = 19.380; OS: 33.3 ± 9.2% vs. 82.2 ± 7.9% vs. 53.8 ± 10.6% vs. 88.0 ± 4.3%, P < 0.001, χ 2 = 20.111). The NRM of four groups was comparable (0 vs. 8.9 ± 3.1% vs. 0 vs. 23.1 ± 10.0%, P = 0.09, χ 2 = 6.513) [ Figure 3 ].
In conclusion, patients with persistent positive MRD postinduction and pretransplant had higher CIR, lower LFS, and OS than those without persistent positive MRD both in MSDT and haplo-HSCT settings.
Multivariate analysis of factors associated with outcomes of acute myeloid leukemia patients who underwent allogeneic hematopoietic stem cell transplantation
Factors that might affect the transplant outcome including patient age, sex, donor type, cytogenetic abnormalities at diagnosis (including FLT3-ITD mutation), infused nuclear cells and CD34+ cells, prophylactic or intervention DLI, MRD at the first and second chemotherapy, MRD pretransplant, and MRD dynamics and so on. Multivariate analysis showed that persistence of MRD pretransplantation was an independent risk factors of relapse (hazard ratio [HR] = 1.69, 95% confidence interval [CI ]: 1.2-2.382, P = 0.003), LFS (HR = 1.812, 95% CI: 1.168-2.812, P = 0.008), and OS (HR = 2.354, 95% CI: 1.528-3.627, P < 0.001). Cytogenetics and cGVHD were also independent risk factors of relapse, LFS, and OS. Acute GVHD (Grade III-IV) was associated with NRM [ Table 3 ].
DisCussion
In this study, we showed the negative effects of MRD after the first and second courses of chemotherapy on transplant outcomes in patients who underwent MSDT but not those receiving haplo-SCT. In addition, we found that positive MRD pretransplant was associated with poor prognosis in patients receiving MSDT but not those who underwent haplo-SCT, which is in agreement with previous studies. [8, 18] However, the association of persistent positive MRD pretransplantation with poor transplant outcomes was observed both in the MSDT and haplo-SCT subgroups in the present study. Our results add new information for the association of MRD determined by MFC with transplant outcomes, [5, 15, [27] [28] [29] suggesting (i) some differences exist in the effects of MRD at single timepoint before transplant on outcomes between haplo-SCT and MSDT and (ii) persistent MRD is better than positive MRD at single timepoint before transplant in predicting outcomes.
In contrast to the studies performed by other researchers, [9, 12, 13, 28] there was no association of MRD after the first and second courses of chemotherapy with transplant outcomes in total patients. Further analysis showed negative effects of MRD after the first and second chemotherapy on transplant outcomes in the MSDT subgroup. The results in our homogeneous patient cohort further confirmed the negative effects of MRD after induction and/or consolidation therapy on clinical outcomes after MSDT, which have demonstrated by others in cases with heterogeneous therapy. [9, 13] Together with the results that there were no association of MRD after the first and second courses of chemotherapy with transplant outcomes in patients who underwent haplo-SCT, our data suggest there might be a difference in the antileukemia activity between haplo-SCT and MSDT.
In this study, we also demonstrated a negative association of positive pre-MRD with poor prognosis in patients receiving MSDT but not those who underwent haplo-SCT. Either in total patients or in pediatrics, [8, 18] our previous studies have showed the negative effects of positive pre-MRD with poor outcomes after MSDT but not following haploidentical allografts. Given the fact that MRD allows better estimates of the leukemia burden and associated with higher CIR after transplantation, [30, 31] our results indicate that haploidentical allograft could overcome the negative effects of positive pre-MRD on outcomes and suggest a stronger antileukemia effect of haploidentical allografts compared with HLA-identical sibling donor allografts.
Impressively, we found that persistent MRD was associated with higher CIR and poor survival both in haploidentical transplant settings and in MSDT modalities. This is contrast to single timepoint MRD, which had negative effects on outcomes after MSDT but not following haplo-SCT. Several studies have demonstrated that acute leukemia patients with persistent MRD had a very poor prognosis due to resistance to chemotherapy, resulting in a high relapse rate and inferior survival. [32, 33] The results observed in the present study indicate that in both transplant modalities, persistent MRD is better than single timepoint MRD in predicting transplant outcomes, suggesting that kinetics of MRD determined by MFC before transplantation is more reliable in prognosis prediction.
Most MRD studies in AML have focused on adults, and relatively little is known about the prognostic significance of MRD in childhood AML.
[9,10] There were 17 pediatric patients in this cohort. All of them received haplo-SCT. Only one child had persistent MRD before HSCT and he relapsed at 219 days post-HSCT. Limited by the deficient number of cases, we cannot demonstrate if there was any difference between the pediatric and adult patients in this study. Future studies might focus on this issue. Our study had some limitations. First, this is a retrospective, single-center study. Second, there are also other haplo-SCT modalities, such as haplo-SCT with post-cyclophosphamide and haploidentical allografts with T-cell depletion, our results should be confirmed in these transplant settings. In summary, we demonstrated that persistent MRD before transplantation is better than positive MRD at single timepoint in prognosis prediction either in MSDT modalities or haplo-SCT settings. Our results provide a considerable way in accurately predicting transplant outcomes by monitoring the kinetics of MRD pretransplantation, although a prospective, multicenter study is warranted to confirm our findings.
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